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HIGHLIGHTS 


•  The  synergetic  effect  was  achieved  in  the  nanometal-loaded  vanadate  cathode. 

•  The  electrode  polarization  effectively  improves  with  loaded  Ni/Fe  nanoparticles. 

•  Composite  cathode  with  Ni/Fe  nanocatalyst  achieves  high  current  efficiency. 

•  Direct  steam  electrolysis  is  efficient  and  dominates  the  process  at  high  voltage. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  6  September  2013 
Received  in  revised  form 
19  November  2013 
Accepted  9  December  2013 
Available  online  17  December  2013 


Keywords: 

Metal  nanoparticles 
Steam  electrolysis 
Vanadate 

Solid  oxide  electrolyser 


The  use  of  composite  electrodes  based  on  Lao.7Sro.3VO3  (LSV)  for  steam  electrolysis  has  uncovered  the 
tremendous  potential  and  capacity  inherent  in  this  material.  Unfortunately,  this  material  has  a  major 
setback  of  inefficient  electrolysis  triggered  by  limited  electrocatalytic  activity.  In  this  work,  an  infiltration 
method  is  employed  to  load  catalytic-active  metal  nanoparticles  onto  the  composite  electrodes  in  order 
to  achieve  an  activity-enhanced  electrode  performance.  The  electrical  properties  of  LSV  are  methodically 
explored  and  correlated  to  electrode  performance.  At  800  °C  in  either  pure  H2  or  low  hydrogen  partial 
pressure  (pH2)  of  5%H2/N2,  the  polarization  resistance  of  symmetrical  cells  with  Ni-loaded  LSV  (LSV-Ni) 
cathode  is  largely  enhanced,  in  contrast  to  bare  LSV  cathode.  Similar  improvement  is  also  achieved  for 
the  Fe-loaded  LSV  (LSV-Fe)  cathode  in  a  wide  range  of  hydrogen  partial  pressures  of  5%— 100%.  The 
Faraday  efficiencies  of  LSV-Ni  and  LSV-Fe  composite  cathodes  were  remarkably  improved  for  electrolysis 
in  either  3%H20/4.7H2/Ar  or  3%H20/Ar  at  800  °C. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  use  of  solid  oxide  electrolyser  (SOE),  as  a  high-efficiency 
electrochemical  device  for  steam  electrolysis,  has  stirred  much 
interest  in  recent  years  [1—6]  owing  to  the  kinetics  and  thermo¬ 
dynamics  for  steam  dissociation  favoured  by  high  temperature 
electrolysis.  The  oxide-ion  conducting  SOE  can  directly 
convert  steam  into  hydrogen  with  high  efficiency  at  applied  po¬ 
tential  [7—11]. 


*  Corresponding  authors.  Department  of  Energy  Materials,  School  of  Materials 
Science  and  Engineering,  Hefei  University  of  Technology,  No.  193  Tunxi  Road,  Hefei, 
Anhui  230009,  China. 

E-mail  addresses:  xiekui@hfut.edu.cn  (I<.  Xie),  ycwu@hfut.edu.cn  (Y.  Wu). 

0378-7753 /$  -  see  front  matter  ©  2013  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2013.12.046 


While  nickel-yttria  stabilized  zirconia  (Ni-YSZ)  cermets  are 
favoured  cathodes  for  the  oxide-ion  conducting  SOE  [3  ,  it  requires 
a  large  amount  of  reducing  gas  to  protect  Ni  from  being  oxidized. 
The  conversion  of  Ni  to  NiO  would  induce  a  loss  of  electrical  con¬ 
ductivity  and  even  the  failure  of  the  cathodes  [12,13].  On  the  other 
hand,  ceramic  cathodes  such  as  (Lai_xSrx)(Cry,  Mi_y)03_d  (M  =  Mn, 
Fe,  Ti,  Co),  Lai_*SrxTi03  and  Lni_xSrxV03  (Ln  =  La,  Ce)  are  more 
redox  stable  for  steam  electrolysis  whether  in  a  strong  or  weak 
reducing  atmosphere  [14-21].  For  instance,  ceramic  Lai_xSrxV03  is 
recognized  as  a  potentially  good  anode  material  for  solid  oxide  fuel 
cells  (SOFC)  which  could  also  hold  promise  for  eventual  application 
in  solid  oxide  electrolysers.  According  to  Ge  et  al.  [22,23], 
Lai_xSrxV03  displays  high  electronic  conductivity  within  the  broad 
temperature  range  of  500-1000  °C.  It  also  possesses  a  high  po¬ 
tential  for  sulphur  tolerance  and  significant  electrode  performance 
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as  anode  of  an  oxide-ion  conducting  SOFC.  However,  its  low  cata¬ 
lytic  activity  towards  fuel  oxidation  restricts  its  use  as  SOFC  anode. 

Three  critical  tools  in  the  design  of  materials  include  infiltration, 
doped  atoms  and  a  proper  amount  of  deficiency  [21].  Also  impor¬ 
tant  is  the  preservation  of  the  redox-reversible  stable  structure 
with  intact  optimal  conductivity  and  electrocatalytic  properties. 
The  direct  electrolysis  of  CO2  with  Lao.75Sro.25Cro.5Mn0.503_d 
(LSCM)  cathode  in  an  oxide-ion  conducting  SOE  has  been  newly 
demonstrated  [9].  However,  the  low  current  efficiency  and  large 
polarization  resistance  of  the  ceramic  cathode  are  its  major  limit. 
The  potential  electrical  properties  of  ceramic  LSV  render  it  an  active 
anode  material  for  SOFC,  with  confirmed  chemical  and  electro¬ 
chemical  stability  in  hydrogen  and  wet  methane  [22].  Ceramic  LSV 
is  also  a  potential  cathode  material  for  oxide-ion  conducting  solid 
oxide  electrolysers  [23].  LSV  can  keep  a  stable  structure,  maintain 
high  conductivity  in  a  hydrogen  atmosphere  and  exhibit  n-type 
conductivity.  This  is  beneficial  for  the  reducing  atmosphere  arising 
from  the  high  concentration  of  hydrogen  produced  from  the  elec¬ 
trolysis.  However,  this  ceramic  composite  cathode  based  on  LSV- 
YSZ  has  insufficient  catalytic  activity  that  limits  its  performance 
[24]. 

A  catalytically  active  surface  has  been  reported  to  be  useful  to 
anode  performance  in  SOFC  [23-26],  with  the  efficiency  of  the  gas 
conversion  or  electrolysis  largely  enhanced  by  the  catalytic  prop¬ 
erties  of  the  metal  catalyst.  Ni,  Fe,  Pt,  and  Pd  are  excellent  catalysts 
for  enhancing  the  performance  of  the  fuel  electrodes  of  solid  oxide 
fuel  cells  or  electrolysers.  Nano  sized  metals  can  be  incorporated 
into  the  ceramic  via  infiltration  method,  which  can  significantly 
reduce  the  energy  for  gas  conversion  and  at  the  same  time  and 
enhance  the  electrical  properties  of  the  ceramic.  In  this  study,  Ni 
and  Fe  nanoparticles  were  loaded  onto  the  surface  of  an  LSV 
ceramic  substrate  in  order  to  improve  electrocatalytic  activity.  The 
electrochemical  performance  of  the  composite  electrode  was  sys¬ 
tematically  investigated.  Steam  electrolysis  with  cathodes  based  on 
LSV,  LSV-Ni,  and  LSV-Fe  were  performed  in  solid  oxide  electrolysers 
with  and  without  the  flow  of  reducing  gas  over  the  cathodes. 

2.  Experimental 

All  chemicals  utilized  in  this  current  investigation  are  of 
analytical  grade  unless  otherwise  specified.  All  the  chemicals  in  this 
experiment  were  purchased  from  SINOPHARM  Chemical  Reagent 
Co.,  Ltd  (China)  and  used  as  received  without  further  purification. 
The  LSV  were  synthesized  by  a  solid-state  reaction  method  in 
which  the  powders  of  La203,  SrC03  and  V2O5  were  mixed  together, 
ball-milled  for  15  min,  dried,  pressed  into  pellets  and  fired  at  700  °C 
for  1  h  in  air,  and  was  then  reduced  at  900  °C  for  10  h  in  5%H2/Ar  to 
form  ceramic  LSV  [22].  Perovskite  Lao.8Sr0.2Mn03_d  (LSM)  powders 
were  synthesized  via  a  combustion  method  followed  by  a  heat 
treatment  at  1200  °C  for  10  h  in  air  [27-30].  The  1-mm  thick  YSZ 
electrolyte  supports  were  produced  from  dry-pressing  8YSZ  pow¬ 
ders  into  a  —20  mm  —  diameter  green  disk  which  was  subse¬ 
quently  fired  at  1500  °C  for  10  h  [31-35]. 

To  identify  the  phase  formation,  X-ray  diffraction  (XRD)  (Cu  Ka, 
D/MAX2500V,  Japan)  was  performed  (0.02°  min-1).  Refinement  of 
the  XRD  patterns  was  carried  out  using  GSAS  software.  A  scanning 
electron  microscope  (SEM)  (JSM-6490LV,  JEOL  Ltd,  Japan)  and  a 
field  emission  scanning  electron  microscope  (FESEM)  (SU8020, 
HITACHI,  Japan)  were  used  to  characterize  the  microstructure  of 
electrodes  and  materials.  An  energy  dispersive  spectrometer  (EDS) 
was  utilized  for  determining  element  distribution.  X-ray  photo¬ 
electron  spectroscopy  (XPS)  (ESCALAB25,  Thermo,  USA)  was  per¬ 
formed  to  determine  the  chemical  state  of  the  elements,  before  and 
after,  high-temperature  reduction.  The  required  amount  of  LSV 
powder  was  pressed  into  bars  and  fired  in  air  at  800  °C  for  2  h, 


which  were  later  used  for  conductivity  tests.  A  multi-meter 
(Keithley  2000,  USA)  was  used  for  the  conductivity  tests  which 
were  first  performed  in  air,  then  in  5%H2/Ar  both  at  800  °C  for 
transformation  from  oxidized  LSV  (LSV-ox)  to  reduced  LSV  (LSV- 
re),  respectively.  The  oxygen  partial  pressure  was  controlled  by 
flowing  5%H2/Ar  and  simultaneously  recording  with  an  online  ox¬ 
ygen  sensor  (Noveltech  Type  1231,  Australia). 

Slurry  was  formed  with  an  equal  amount  by  weight  of  the  LSV 
and  YSZ  powders  in  ethyl  cellulose— terpineol;  the  slurry  was  then 
printed  onto  the  two  opposite  surfaces  of  YSZ  discs,  to  assemble 
symmetrical  cells  with  the  configuration  of  LSV-YSZ/YSZ/LSV-YSZ. 
0.0016  mol  mL-1  solutions  of  Ni  and  Fe  were  prepared  in  distilled 
water  from  (Ni(N03)2-6H20)  and  (Fe(N03)3-9H20)  respectively. 
Following  which  the  required  amount  of  nitrates  (5  mol%,  10  mol%, 
15  mol%,  per  mol  LSV)  were  infiltrated  into  the  LSV  powders  which 
were  then  heated  at  550  °C  for  3  h.  Thereafter,  the  prepared  slurry 
was  printed  onto  the  surfaces  of  the  YSZ  followed  by  a  heat  treat¬ 
ment  at  1100  °C  for  3  h,  to  form  the  composite  electrodes  loaded 
with  NiO  or  Fe203  nanoparticles.  The  Ni  mole  fractions  of  5%,  10% 
and  15%  correspond  to  mass  fractions  of  1.4%,  2.9%  and  4.7%, 
respectively.  Similarly,  the  Fe  mole  fractions  of  5%,  10%  and  15% 
equal  to  the  mass  fractions  of  1.3%,  2.8%  and  4.4%,  respectively.  A 
silver  paste  (SS-8060,  Xinluyi,  China)  was  used  for  current  collec¬ 
tion  and  printing  onto  the  electrode  surface  after  a  heat  treatment 
at  550  °C  for  30  min.  Silver  electrical  wires  were  utilized  for 
external  circuits.  All  the  symmetrical  cells  were  tested  in  a  quartz 
tube,  with  the  two  electrodes  in  the  same  atmosphere.  The  AC 
impedance  of  the  3  kinds  of  symmetrical  cells  were  tested  as  a 
function  of  hydrogen  partial  pressure  at  a  2-electrode  mode  and 
800  °C  using  an  electrochemical  station  (IM6,  Zahner,  Germany)  in 
a  frequency  range  of  1M-0.1  Hz.  The  hydrogen  partial  pressure  was 
controlled  by  mixing  different  ratios  of  H2  and  N2  with  the  aid  of 
mass  flow  meters  (D08-3F,  Sevenstar,  China).  The  symmetrical  cells 
were  tested  with  pure  H2  first  and  later  with  pure  N2,  which  is 
beneficial  to  the  exsolution  of  Ni  and  Fe  nanoparticles  to  load  to  the 
LSV-YSZ. 

Solid  oxide  electrolysers  with  the  3  different  kinds  of  cathodes 
(LSV-YSZ,  Ni-loaded  LSV-YSZ  and  Fe-loaded  LSV-YSZ)  were  pre¬ 
pared  as  discussed  above  and  then  reduced  at  800  °C  in  5%H2/Ar, 
with  LSM-YSZ  as  the  anode.  The  single  oxide-ion  conducting  solid 
oxide  electrolyser  was  sealed  to  a  home-made  testing  jig  of  ceramic 
paste  (JD-767,  Jiudian,  China)  for  systematic  electrochemical 
measurements.  In  the  process  of  steam  electrolysis,  cathodes  (three 
types)  of  the  solid  oxide  electrolyser  were  fed  with  3%H20/4.7%H2/ 
Ar  and  3%H20/Ar  with  anodes  in  static  air.  In  the  experimental 
setup,  the  solid  oxide  electrolyser  was  equipped  with  alumina 
tubes  through  which  the  steam  is  supplied  for  electrolysis.  The 
electrochemical  tests  were  performed  at  a  2-electrode  mode.  The 
current— voltage  (I-V)  curves  of  the  solid  oxide  electrolysers  were 
tested  and  obtained.  The  electrolysis  of  steam  in  the  solid  oxide 
electrolysers  based  on  LSV,  LSV-Ni  and  LSV-Fe,  were  performed  at 
different  potential  loads.  The  output  gas  produced  from  the  elec¬ 
trolyzers  was  analysed  with  an  online  gas  chromatograph 
(GC9790II,  F.L.,  China). 

3.  Results  and  discussion 

3.1  Structure 

Fig.  1  shows  the  XRD  Rietveld  refinement  patterns  of  LSV 
reduced  at  900  °C  for  10  h.  The  Rietveld  refinement  was  performed 
with  GASA  software  [36].  The  experimental  and  calculated  results 
for  LSV  indicated  a  perovskite  structure  with  space  group  of  Pnma 
which  is  consistent  with  the  reported  data  in  a  previous  work  37]. 
LaVCU  has  been  classified  to  be  of  the  orthorhombic  GdFeCU  type 
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Fig.  1.  Rietveid  refinement  XRD  and  TEM  patterns  of  LSV  powers  reduced  at  900  °C. 


[22].  The  Sr  element  of  A-site  has  influence  on  the  lattice  and  the 
structure  profiles  could  fit  well  into  a  cubic  with  increase  in  Sr 
content.  However,  the  XRD  and  TEM  results  imply  that  the  struc¬ 
tures  of  LSV  are  more  likely  to  be  orthorhombic,  nevertheless,  the 
present  study  suggest  it  could  also  fit  into  a  cubic  structure.  The 
change  in  structure  is  probably  due  to  the  chemical  state  of  V 
element  in  the  perovskite  structure.  The  v4+,5+  may  co-exist 
together  with  V3+  even  in  a  reducing  atmosphere,  which  is  ex¬ 
pected  to  influence  the  structure  and  conductivity  and  also  cause 
change  in  the  phase  structure  of  reduced  Lao.7Sr0.3oV03  (LSV-re) 
between  LaV03  and  cubic  (Lao.5oSro.5o)V02.95  (PDF  no.  33-1343). 

3.2.  Conductivity 

In  order  to  study  the  change  in  electrical  properties  of  the  LSV  in 
a  reducing  atmosphere  from  oxidized  state  to  reduced  state,  con¬ 
ductivity  tests  were  carried  out  both  in  air  and  with  the  oxygen 
partial  pressure  (P02)  fixed  at  10-19  in  5%H2/Ar  at  800  °C.  Fig.  2(a) 
shows  that  the  conductivity  of  oxidized  LSV  improves  with  tem¬ 
perature,  demonstrating  a  typical  p-type  semiconducting  behav¬ 
iour.  The  LSV-ox  is  not  a  single  phase.  Rather,  it  is  composed  of  the 
monoclinic  LaVCU  and  triclinic  Sr2V207  dissolved  in  each  other.  As 
shown  in  Fig.  2(a),  the  mixed  conductivity  of  the  oxidized  LSV  is  as 
low  as  10-3  to  10~4  S  cm-1  because  the  oxidized  sample  is  typical 
semiconductor  with  the  charge  carrier  of  hole  [22].  However,  the 
high  reducing  activity  of  the  oxidized  LSV  was  observed  as  shown 
in  Fig.  2(b).  The  conductivity  of  the  sample  significantly  shifts  from 
a  semiconductor  to  an  electronic  conductor  even  after  a  short-term 
reduction  at  800  °C  for  40  min.  This  indicates  that  the  reduction  of 
V  element  and  the  formation  of  LSV-re  can  be  attributed  to  the 
improvement  and  shifts  in  the  electrical  conductivity. 


3.3.  XPS 

To  describe  the  different  chemical  states  of  the  elements  in  the 
samples,  core  level  spectroscopy  of  V2P,  La3d,  Sr3d  and  Ois  for  the 
oxidized  and  reduced  LSV  were  obtained  using  XPS  as  shown  in 
Figs.  3  and  4.  The  XPS  data  were  fitted  using  a  Shirley-type  back¬ 
ground  subtraction  method,  and  the  background  functions  for 
different  spectra  of  the  elements  were  fitted  by  80%  Gaussian  and 
20%  Lorenz.  Fig.  3(al)  and  (a2)  show  the  V2p  core-level  XPS  results 
of  oxidized  and  reduced  LSV  samples,  in  which  the  spin-orbit 
splitting  shows  a  double  of  2pi/2  and  2p3/2  excitation.  The  V5+ 
(2pi/2)  peak  was  observed  at  524.68  eV,  whereas  V5+  (2p3/2) 
showed  a  peak  at  517.29  eV  as  reflected  in  Table  1  [38].  For  the 
reduced  LSV,  V4+  (2p3/2)  has  close  binding  energy  with  V3+  (2p3/2) 
peak  at  ~  516.07  eV,  which  makes  it  difficult  to  distinguish.  Based 
on  the  XPS  data,  V5+  is  the  main  chemical  state  for  LSV-ox  while  the 
ratio  of  V3+,4+/V5+is  ~  73.9:26.1  for  LSV-re.  In  contrast,  the  V3+  is 
the  main  chemical  state  for  reduced  LSV  samples  as  shown  in 
Fig.  3(a2).  The  V  element  in  B  site  has  a  positive  effect  on  the 
conductivity  of  perovskite  structure  in  a  reducing  atmosphere. 
While  it  has  been  reported  that  LSV-ox  was  not  a  single  phase  [22], 
the  LSV-re  was  able  to  form  a  single  phase  structure  with  high 
conductivity  when  most  of  the  V5+  is  reduced  toV3+>  4+  (Table  2). 

The  core-level  XPS  spectra  of  Ois,  La3d,  and  Sr3d  are  presented  in 
Figs.  3  and  4.  The  Oi<T  peak  was  observed  at  530.40  eV  for  oxidized 
samples  and  530.33  eV  for  reduced  samples.  The  peaks  of  La3+  3d3/2 
and  3d5/2  were  observed  at  851.70  eV  and  834.89  eV  for  oxidized 
samples,  and  851.83  eV  and  835.04  eV  for  reduced  samples, 
respectively  [39,40].  For  oxidized  samples,  Sr  3d3/2  appeared  at 
135.27  eV  and  3d5/2  at  133.61  eV,  135.10  eV  and  133.40  eV  for 
reduced  samples,  respectively  [41].  As  shown  in  Figs.  3  and  4,  the 


Fig.  2.  Total  conductivity  of  LSV-ox  in  air  and  LSV-re  in  5%H2/Ar  with  oxygen  partial  pressure  of  10  19  at  800  °C. 
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Fig.  3.  V2p,  La3d  X-ray  photoeiectron  spectroscopy  of  oxidized  and  reduced  LSV. 
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Fig.  4.  Sr3d,  Ois  X-ray  photoeiectron  spectroscopy  of  oxidized  and  reduced  LSV. 
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Table  1 

The  binding  energy  for  the  different  elements  of  LSV-ox  and  LSV-re. 


Element 

Binding  energy  (eV) 

LSV-ox 

LSV-re 

V 

V5+ 

2P1/2 

524.68 

2P3/2 

517.29 

V5+ 

2pi/2 

524.69 

2P3/2 

517.29 

V3+ 

516.07 

V3+’4+ 

516.07 

La 

La3+ 

3d3/2 

851.70 

3d5/2 

834.89 

La3+ 

3d3/2 

851.83 

3d5/2 

835.04 

Sr 

Sr2+ 

135.27 

133.61 

Sr2+ 

135.10 

133.40 

Is 

Is 

O 

o2- 

530.40 

o2- 

530.33 

chemical  state  of  La,  Sr,  and  O  was  stable  for  oxidized  and  reduced 
samples.  The  slight  change  of  chemical  state  of  the  elements  be¬ 
tween  oxidized  and  reduced  samples  may  be  due  to  the  structural 
changes  accompanies  the  conversion  of  oxidized  LSV  to  reduced 
LSV. 

3.4.  Symmetrical  cells 

Fig.  5  corresponds  to  the  AC  impedance  studies  of  symmetrical 
cells  with  electrodes  based  on  LSV,  Ni-loaded  LSV  and  Fe-loaded 
LSV  after  reduction  in  5%H2/Ar,  versus  hydrogen  partial  pressure 
at  800  °C.  The  series  resistance  (fts)  and  the  polarization  resistance 
(ftp),  depicted  by  the  first  intercept  and  the  difference  between  the 
first  and  second  intercepts,  were  calculated  by  Zview  software  as 
reported  in  our  previous  work  [5].  Increase  in  the  hydrogen  partial 
pressure  lowered  the  ftp  of  the  symmetrical  cells  while  fts  remained 
stable  over  a  wide  range  of  hydrogen  partial  pressure.  The  fts  of  the 
symmetrical  cell  based  on  LSV  (~3.21  0  cm2)  was  comparable  to 
those  of  cells  based  on  LSV-Ni  and  LSV-Fe.  The  comparable  fts 
values  suggest  that  the  infiltration  of  Ni  or  Fe  does  not  have  a  sig¬ 
nificant  effect  on  the  fts  of  the  cells.  The  ftp  of  the  symmetrical  cell 
based  on  LSV  (8.32  0  cm2)  at  low  hydrogen  partial  pressure  of  5% 
dropped  significantly  to  1.65  Q  cm2  and  3.05  Q  cm2  for  Ni-loaded 
LSV  and  Fe-loaded  LSV,  respectively.  In  such  a  reducing  atmo¬ 
sphere,  the  enhanced  electrocatalytic  activity  of  the  cells  that  led  to 
improved  polarization  resistance  may  be  attributed  to  the  Ni  or  Fe 
nanoparticles.  The  improved  charge  transfer  in  TPB  caused  by  the 
Ni  or  Fe  nanoparticles  in  the  electrodes  may  have  led  to  the 
reduction  in  polarization  resistance.  Since  catalytic  activity  is 
enhanced  in  a  stronger  reducing  atmosphere,  increasing  the 
hydrogen  partial  pressure  also  improved  the  ftp  of  symmetrical  cells 
based  on  LSV.  In  pure  hydrogen  atmosphere,  the  ftp  of  the  Ni-loaded 
LSV  (~0.73  Q  cm2)  was  relatively  lower  than  the  ftp  of  the  sym¬ 
metrical  cell  based  on  LSV  ( ~  1.27  Q  cm2).  In  the  case  of  the  Fe- 
loaded  LSV,  a  low  ftp  of  -3  Q  cm2  at  low  hydrogen  partial  pres¬ 
sure  was  further  favourably  lowered  to  1.91  Q  cm2  in  pure 
hydrogen.  It  appears  that  increasing  the  hydrogen  partial  pressure 
to  create  a  stronger  reducing  atmosphere  was  able  to  reduce  and 
activate  the  electrodes,  enhance  electrocatalytic  activity  and  thus 
reduce  the  electrode  polarization  resistances. 


Table  2 

The  Rs  and  Rp  of  the  symmetrical  cells  based  on  LSV,  LSV-Ni  and  LSV-Fe  at  different 
hydrogen  partial  pressures  at  800  °C. 


pH2 (%) 

5 

60 

80 

100 

LSV 

Rs  (Q  cm2) 

3.21 

3.26 

3.24 

3.25 

Rp  (Q  cm2) 

8.32 

1.28 

1.27 

1.27 

LSV-Ni 

Rs  (Q  cm2) 

3.20 

3.19 

3.19 

3.19 

Rp  (Q  cm2) 

1.65 

0.84 

0.76 

0.73 

LSV-Fe 

Rs  (Q  cm2) 

3.15 

3.13 

3.13 

3.13 

Rp  (Q  cm2) 

3.05 

2.79 

2.50 

1.91 

3.5.  Steam  electrolysis 

Fig.  6  presents  the  microstructures  of  the  solid  oxide  electro- 
lysers  with  the  configuration  of  (cathode)  LSV-YSZ/YSZ/LSM-YSZ 
(anode).  The  silver  current  collection  layer  is  ~7  pm  thick.  Both 
porous  cathode  and  anode  layers  are  ~12  pm  in  thickness,  which 
adhere  well  to  the  1-mm  thick  YSZ  electrolyte.  Fig.  7  shows  the 
current-voltage  curves  of  the  solid  oxide  electrolysers  with  cath¬ 
odes  based  on  LSV,  LSV-Ni  and  LSV-Fe  pre-reduced  in  5%Fl2/Ar,  then 
tested  in  3%FI20/4.7%IT2/Ar  and  3%H20/Ar  at  800  °C.  As  can  be  seen 
from  the  I-V  curves  for  the  3%FI20/4.7%FI2/Ar,  the  open  circuit 
voltages  (OCVs)  of  solid  oxide  electrolysers  reached  approximately 
0.92  V,  0.98  V,  and  0.95  V  for  the  LSV,  LSV-Ni  and  LSV-Fe  cathodes. 
This  is  probably  because  the  I-V  test  process  is  not  at  equilibrium. 
From  0  V  to  the  OCV,  the  electrochemical  cell  is  indeed  a  solid  oxide 
fuel  cell  in  3%FI20/4.7%FI2/Ar.  Based  on  the  current  density,  less 
than  4%  H2  was  consumed,  which  suggests  that  it  has  little  influ¬ 
ence  on  the  stability  of  the  electrodes.  The  I-V  curves  of  the  solid 
oxide  electrolyser  are  far  from  linear,  with  a  slope  change  of 
approximately  1.1  V.  Above  1.1  V,  the  current  densities  of  the  LSV 
electrodes  with  catalytic  particles  increased  steeply  compared  to 
the  bare  LSV  electrode.  The  onset  of  steam  electrolysis  to  produce 
hydrogen  can  be  anticipated  at  about  1.1  V.  The  I-V  curves  showed 
that  the  current  densities  for  LSV,  LSV-Ni  and  LSV-Fe  in  3%FI20/4.7% 
H2/Ar  stabilized  above  1.8  V,  but  decreased  for  LSV-Ni  in  3%FI20/Ar 
at  an  applied  voltage  of  ~  1.9  V.  The  less  positive  voltages  must  have 
led  to  large  polarization  resistances.  This  indicates  that  there  must 
have  been  an  increase  in  the  kinetics  of  the  steam  reduction,  which 
consequently  resulted  in  the  local  starvation  process  at  high  volt¬ 
ages.  At  this  point,  one  is  tempted  to  suggest  the  conversion  of 
steam  to  hydrogen  may  limit  the  total  steam  electrolysis  at  high 
current  density. 

In  order  to  study  the  anticipated  change  in  fts  and  ftp,  in-situ 
AC  impedance  tests  were  performed  to  characterize  the  solid 
oxide  electrolysers  with  LSV-YSZ,  LSV-Fe-YSZ  and  LSV-Ni-YSZ 
cathodes  exposed  in  either  3%FI20/4.7%FI2/Ar  or  3%FI20/Ar.  It 
was  observed  that,  in  both  3%FI20/4.7%FI2/Ar  and  3%FI20/Ar,  fts 
values  were  stabilized  at  approximately  4  Cl  cm2,  whereas  ftp 
values  decreased  considerably  as  applied  voltage  increased  from 
0  to  2.0  V.  It  is  assumed  that  increasing  the  voltage  activated  the 
electrodes  to  the  extent  that  ftp  decreased  remarkably.  Increasing 
the  voltage  is  expected  to  improve  electrode  polarization, 
following  the  improved  kinetic  process  of  the  electrode.  Two 
semicircles  were  noted  on  the  impedance  spectra:  the  high- 
frequency  arcs  (fti)  and  low-frequency  arcs  (ft2).  At  high  fre¬ 
quency,  fti  of  the  solid  oxide  electrolysers  with  cathodes  based  on 
bare  LSV,  LSV-Ni  and  LSV-Fe  was  stable  in  3%H20/4.7H2/Ar.  With 
Ni  and  Fe  nanoparticles  incorporated  into  the  cathodes,  fti 
improved  in  3%H20/Ar.  This  suggests  that  the  metal  nanoparticles 
were  able  to  improve  the  performance  of  the  cathodes,  in 
agreement  with  results  of  the  symmetrical  cells  tests  as  shown  in 
Fig.  5.  The  fti  from  the  charge  transfer  at  cathodes/YSZ  interfaces 
was  generally  stable.  Since  charge  transfer  is  the  main  limitation 
at  low  voltages,  fti  at  high  voltages  may  partly  contribute  to  the 
electrochemical  process  of  the  cathodes.  At  low  frequency,  it  was 
observed  that  mass  transfer  dominated  the  process  of  the  solid 
oxide  electrolysers.  This  may  be  due  to  the  gas  conversion, 
dissociative  adsorption  and  species  transfer  at  TPB.  Fig.  8  shows 
that  the  two  arcs  exist  together  in  the  range  of  0-2.0  V  at  the 
applied  potentials.  This  is  an  indication  that  the  charge  transfer  of 
the  cathodes/electrolyte  interfaces  still  exists  at  high  voltages. 
Flowever,  gas  diffusion  becomes  the  dominant  limitation  as  the 
voltage  increases.  The  charge  transfer  limit  ceases  to  be  the  main 
limitation  as  steam  electrolysis  takes  over  as  the  dominant  pro¬ 
cess  at  high  voltages. 
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Fig.  5.  AC  impedance  spectroscopy  of  YSZ-supported  symmetrical  cells  based  on  LSV,  LSV-Ni  and  LSV-Fe  electrodes  at  different  hydrogen  partial  pressure  at  800  °C. 
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Fig.  6.  Cross  sectional  SEM  micrographs  for  solid  oxide  electrolyzers  of  (a)  LSV-YSZ/YSZ  and  (b)  YSZ/LSM-YSZ/Ag. 
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Fig.  7.  Current-voltage  curves  of  the  solid  oxide  electrolyzers  with  cathodes  based  on  LSV,  LSV-Ni  and  LSV-Fe  fed  with  (a)  3%H20/4.7%H2/Ar  and  (b)  3%H20/Ar  at  800  °C, 
respectively. 
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Fig.  8.  In-situ  AC  impedance  spectroscopies  of  solid  oxide  electrolyzers  with  cathodes  based  on  LSV,  LSV-Ni  and  LSV-Fe  fed  with  3%H20/4.7%H2/Ar  and  3%H20/Ar  at  800  °C, 
respectively. 


Fig.  9  depicts  hydrogen  production  by  steam  electrolysis  at 
800  °C  using  solid  oxide  electro lysers  based  on  LSV,  LSV-Ni  and 
LSV-Fe  cathodes  fed  with  3%Fl20/4.7%Fl2/Ar.  At  the  applied  poten¬ 
tial  of  1.6  V,  the  production  of  hydrogen  was  -0.20  ml  min-1  for 
LSV,  compared  to  the  improved  hydrogen  production  of 
-0.46  ml  min-1  and  -0.43  ml  min-1  for  LSV-Ni  and  LSV-Fe, 
respectively.  This  further  confirms  that  the  loading  of  Ni  and  Fe 
was  able  to  improve  electrical  properties  and  significantly  increase 
the  production  of  hydrogen  with  an  accompanied  increased  elec- 
trocatalytic  activity.  Thus,  the  loading  of  Ni  and  Fe  nanoparticles 
improved  electrode  performance  for  the  production  of  hydrogen, 
by  increasing  the  active  TPB.  For  LSV-Ni,  it  was  observed  that  the 
current  density  dropped  when  the  voltage  was  above  1.5  V  as 
shown  in  Fig.  7.  This  may  be  due  to  the  limitation  of  the  steam 
conversion  process,  owing  to  the  local  starvation  of  steam.  In  total, 
the  Faraday  efficiencies  with  the  Ni-  and  Fe-loaded  LSV  cathodes  in 
3%Fl20/4.7%Fl2/Ar  at  all  potentials  were  enhanced  by  approxi¬ 
mately  20%,  relative  to  the  bare  LSV.  Again,  this  establishes  that 
the  nanoparticles  were  able  to  improve  the  steam  electrolysis 
process. 


The  performance  of  the  solid  oxide  electrolysers  based  on  LSV, 
LSV-Ni  and  LSV-Fe  composite  cathodes  in  the  absence  of  hydrogen 
was  also  investigated.  The  results  are  shown  in  Fig.  10.  At  the 
applied  potential  of  1.6  V,  current  density  increased  for  the  LSV 
cathodes  loaded  with  Fe  and  Ni  nanoparticles.  The  Faraday  effi¬ 
ciency  moderately  increased  when  applied  potential  was  increased 
from  1.3  to  2.0  V.  Fligher  potentials  produce  stronger  reducing 
conditions  in  the  cathode  and  further  activate  the  electrode  for  the 
electrochemical  reduction  of  steam.  Flowever,  the  current  efficiency 
was  further  enhanced  by  —10%  at  1.6  V  owing  to  the  enhanced 
performance  of  the  cathodes  loaded  with  Ni  and  Fe  nanoparticles.  It 
was  observed  that  cathodes  with  LSV-Fe  produced  the  highest 
current  density,  suggesting  that  the  Fe  catalyst  has  better  electro- 
catalytic  activity  for  the  direct  steam  electrolysis  in  the  absence  of 
hydrogen  protection.  Fig.  11  presents  the  SEM  and  XRD  patterns  of 
the  cathodes  based  on  LSV-Ni  and  LSV-Fe  after  the  short-term  test 
for  the  steam  electrolysis.  The  cathodes  show  a  porous  structure 
which  is  beneficial  to  gas  diffusion,  adsorption  and  desorption.  It 
was  observed  that  there  exist  typical  diffraction  peaks  corre¬ 
sponding  to  Ni  {28  =  44.5°)  and  Fe  nanoparticles  {28  =  44.6°)  as 
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Fig.  9.  Electrolysis  performance  of  the  solid  oxide  electrolyzers  with  cathodes  based  on  LSV,  LSV-Ni  and 
H20/4.7%H2/Ar  at  800  °C. 


shown  in  Fig.  11.  The  peaks  suggest  the  presence  of  Ni  and  Fe  in  the 
metal  state  during  the  process  of  steam  electrolysis.  In  addition,  no 
phase  change  was  seen  for  the  LSV  electrode  substrate  after 
exposure  to  either  3%FI20/4.7%IT2/Ar  or  3%H20/Ar  in  the  process  of 
steam  electrolysis.  This  implies  that  the  LSV  electrode  may  be  stable 
as  the  cathode  in  an  electrolysis  mode.  Further  investigation  on  the 
chemical  stability  and  catalytic  activity  of  the  LSV  cathode  for  high 
temperature  steam  electrolysis  is  on-going. 

Fig.  12  displays  the  performance  of  the  cathodes  loaded  with 
different  contents  of  Ni  or  Fe  in  the  solid  oxide  electrolysers  fed  in 
3%FI20/4.7%IT2/Ar  at  800  °C.  The  current  density  shows  good  sta¬ 
bility  at  the  applied  potentials  of  either  1.3  or  1.6  V.  The  current 
density  for  cathodes  loaded  with  10  mol%  Ni  was  significantly 
higher  than  that  loaded  with  5  mol%  Ni  in  the  solid  oxide  electro¬ 
lysers.  Flowever,  the  current  density  and  hydrogen  production 
improved  a  little  when  15  mol%  Ni  was  loaded  to  the  cathode.  Based 
on  this,  the  optimum  metal  loading  is  approximately  10%.  FESEM 
images  and  EDS  maps  presented  in  Figs.  13  and  14  confirm  that  the 
nano-sized  metal  particles  were  uniformly  distributed  in  the 
cathodes,  except  for  the  cathodes  loaded  with  15  mol%  Fe  which 


showed  agglomeration  of  Fe  metal  in  Fig.  14  (d).  The  extended  TPB 
in  the  porous  cathodes  benefits  the  electrocatalytic  process  of  the 
steam  electrolysis.  Fig.  14  indicates  slight  agglomeration  of  Ni 
metal,  which  may  lead  to  performance  degradation  and/or  the 
composite  cathodes  limitation. 


4.  Conclusions 

In  this  work,  Ni-  and  Fe-loaded  LSV  composite  cathodes  were 
successfully  prepared  and  utilized  for  steam  electrolysis.  The 
loading  of  Ni  or  Fe  nanoparticles  significantly  improved  the  elec¬ 
trocatalytic  activity  of  the  composite  electrodes  and  enhanced  the 
electrode  polarization  resistance  of  the  symmetrical  cells  as  well  as 
the  solid  oxide  electrolysers.  Accordingly,  the  current  densities 
were  enhanced  largely  for  the  solid  oxide  electrolysers  with  LSV-Ni 
and  LSV-Fe  cathodes  for  steam  electrolysis  in  3%FI20/4.7%FI2/Ar.  The 
current  efficiencies  were  improved  by  approximately  20%  in  a  wide 
range  of  applied  potentials.  In  summary,  this  study  demonstrates 
the  synergistic  effects  of  catalytic-active  Ni  or  Fe  nanoparticles  with 
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Fig.  10.  Electrolysis  performance  of  the  solid  oxide  electrolyzers  with  cathodes  based  on  LSV,  LSV-Ni  and  LSV-Fe  at  different  applied  potentials  of  1.3  V,  1.6  V,  1.8  V  and  2.0  V  in  3% 
H20/Ar  at  800  °C. 


Fig.  11.  SEM  images  and  XRD  patterns  of  the  cathodes  based  on  Ni  loaded  LSV-YSZ  and  Fe  loaded  LSV-YSZ  after  short-term  test  of  7  h. 
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Fig.  12.  Electrolytic  performance  of  the  SOE  with  cathodes  based  on  LSV  loaded  with  different  amounts  of  Ni  and  Fe  at  applied  potentials  of  1.3  V  and  1.6  V  in  3%H20/4.7%H2/Ar  at 
800  °C. 


Fig.  13.  FESEM  images  and  EDS  maps  of  the  cathodes  based  on  LSV  with  10  mol%  Ni  or  Fe  reduced  at  800  °C. 


Fig.  14.  FESEM  images  and  EDS  maps  of  the  cathodes  based  on  LSV  with  different  contents  of  reduced  Ni  and  Fe  at  800  °C. 
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a  ceramic  LSV  substrate,  leading  to  their  improved  performance  in 
high-temperature  steam  electrolysis. 
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